o,' Arachnoid villi in the intracranial dural sinuses constitute the principal sites for absorption of proteins and particulates from the cerebrospinal fluid (CSF) system. Although arachnoid villi in the rat are morphologically less complex than those found in other mammals, their resistance to CSF outflow, as assessed by a graded series of constant flow manometric infusions, is similar to that found in other species. Moreover, inulin and polystyrene beads, when infused into the spinal subarachnoid space of rats, are rapidly cleared from the CSF system into intracranial dural sinuses. Inulin appeared in sinus blood 3 minutes after onset of infusion and reached concentrations 26 times greater than those found in the systemic circulation; particulate matter in the form of 0.5-/zm polystyrene beads showed similar efflux characteristics. Hence, the CSF system of the rat is functionally similar to that found in other mammalian species, with arachnoid villi constituting a major efflux route for clearance of macromolecular and particulate substances.
T

HE flOW of cerebrospinal fluid (CSF) through
the ventricles and subarachnoid spaces of most, if not all mammalian species, is primarily governed by the rate of fluid secretion by the choroid plexus, in association with an equivalent rate of fluid reabsorption through arachnoid villi into the dural sinuses. In the rat, such mechanisms of fluid production and efflux are balanced to achieve a stable resting pressure of about 100 mm H20, despite a relatively rapid turnover of CSF at rates of 45% of the total fluid volume per hour. 2, 8 This turnover rate of CSF for the rat is slightly higher than values reported for other mammalian species, which include rates of 38% for rabbit, 30% for cat, 39% for goat, 24% for dog, and 23% for man. 7 Since the relative rate of CSF formation of rat choroid plexus is similar to that described for other mammalian species, it would appear reasonable to assume that the principal route of CSF absorption through arachnoid villi into the dural sinuses would also be similar. The present study, in conjunction with prior ultrastructural observations, 4's clearly demonstrates that arachnoid villi within the dural sinuses of the rat not only constitute a major route for CSF absorption of macromolecules and particulates, but also possess manometrically derived outflow resistance characteristics that are qualitatively similar to other mammalian species.
Materials and Methods
Animal Preparations
Adult albino rats of the Sprague-Dawley strain weighing 200 to 250 gm were used for all experiments. Ninety animals were divided into three groups for intrathecal infusion: Group I animals for constant flow manometrics with artificial CSF; Group II for efflux kinetics of carboxyl-l~C inulin (2.29 mCi/#g, 5000 to 5500 molecular weight); and Group III for efflux kinetics of polystyrene beads (0.5 #m diameter) radiolabeled with iodine-131 by the method of Singer, et al. 13 Percutaneous catheterization of the spinal subarachnoid space was performed as described previously by Bass and Lundborg? All invasive procedures were performed under ether anesthesia, and regional analgesia was attained by liberal infiltration of lidocaine at all sites of incision.
The spinal canal was penetrated through the L4-5 vertebral arch with a No. 15 spinal needle, and a PE20 polyethylene catheter, 10 cm in length, was advanced through the needle lumen into the upper thoracic area A: Note the range of flow rates (equal to or less than 34 ul/min) that allow steady-state elevation of CSFpressure (mm H20) and normal neurological functionl andthe range of flow rates that cause a rapid, linear, and potentially lethal rise in pressure. B: Normal rates of CSFproduction (bulk flow) can be derived by extrapolation (dashed line) of the semilog plot of infusion rate versus steady-state pressure to resting pressure. C: Non-linear, pressure-dependent outflow resistance in the rat. of the spinal subarachnoid space. Sixty minutes before intrathecal infusion, selected animals underwent three additional procedures: 1) bilateral nephrectomy was performed in order to eliminate the effect of urinary excretion on blood levels of infused radiolabeled substances; 2) the femoral artery was cannulated, and a PE20 catheter advanced into the descending aorta; and 3) blood from the dural sinus (torcular herophili) was sampled by placing a 1-mm burr hole in the skull at the junction of the parietal and sagittal sutures. Animals were immobilized with gallamine triethiodide and artifically ventilated in order to maintain normal blood gases. Thirty minutes were allowed for stabilization, and subsequent intrathecal infusion experiments lasted no longer than one additional hour. Significant degrees of uremia did not develop in nephrectomized rats, as blood values for urea, creatinine, and electrolytes remained within normal limits.
Infusion Manometric Studies
In Group I animals, CSF pressure was monitored continuously during 8-minute intrathecal infusions of artificial CSF. The infusion line was linked to a high sensitivity pressure transducer and pressures were recorded on a polygraph. The recording system was calibrated with a water manometer, and was sufficiently sensitive to monitor pressures ranging from 0 to 2400 mm H20 with a precision of + 4%. Infusion rates were systematically varied from 4.8 to 100 #l/min using a 1-ml syringe mounted on a variablespeed infusion pump. Outflow resistance was calculated by first defining a mathematical relationship between steady-state CSF pressure and infusion rate. Then, assuming that inflow (infusion rate) equals outflow, an expression for outflow resistance was derived? -1~
Intrathecal Infusion of Radiolabeled Inulin and Polystyrene Beads
Animals in Groups II and III were infused in a similar fashion with radiolabeled materials. Based on the results of infusion manometric measurements ( Fig. 1) , an infusion rate (22.4 ~d/min) within the steady-state pressure range of the outflow resistance was chosen. During the 5 minutes of infusion, 112 #l of a solution containing 2.1 /~Ci of carboxyl-"Cinulin, or mI-labeled polystyrene beads (10% solution by volume) was delivered into the spinal subarachnoid space. Although polystyrene beads greater than 0.6 ~zm tend to settle after prolonged standing, the 0.5-~tm particles used in this experiment uniformly disperse in artificial CSF. Arterial blood was sampled from the descending aorta at selected time intervals during and after intrathecal infusion. A single sample (100 #l) of venous blood from the dural sinus was obtained from each rat by direct puncture through the burr-hole site with a No. 23 needle. Sampling of the sinus was performed only once in each animal, after which the experiment was terminated. Sampling was discontinued after the sinus had been tapped because of partial collapse of the vessel. Periodic sampling of arterial blood from the descending aorta was continued up to and including the time of torcular puncture. Total blood loss was no more than 0.8 ml per rat. All blood samples were collected on filter paper and dried. Saturated discs, 4 mm in diameter, were punched from the filter paper. Each disc contained 4.9 + 0.2 #1 of whole blood. For experiments using carboxyl-"Cinulin, each disc was placed in a scintillation vial containing 200 ~tl of hydrogen peroxide and 200 #1 Npropanol. After oxidation, 250 ~tl of Soluene 100 was added to each vial, and digestion was allowed to continue for 6 hours at 37 ~ C. Instagel, 10 ml, was then added to all samples, which were subsequently cooled to 5 ~ C and stored for 18 hours before being counted on a scintillation spectrometer. Blood samples containing mI-labeled polystyrene beads were spotted on filter paper and allowed to dry for 2 hours, after which 4-ml discs were punched from the samples as described for the inulin study. Discs were placed in polystyrene test tubes and counted in a gamma spectrometer. In all instances, counts/min/ml of blood were at least 20 times greater than blank values.
Results
Previous studies have established that the relative rate of CSF turnover and rate of CSF production per milligram of choroid plexus in the rat is similar to those found in larger mammals such as the dog (Table  1) . Moreover, studies in larger mammals have documented that the rate of absorption of CSF into the systemic circulation varies with the pressure gradient between the subarachnoid space and dural sinusesY Hence, manometric studies were first performed in order to define the limits of effective physiological compensation of the outflow resistance of the rat during steady-state elevations of CSF pressure resulting from differential rates of infusion of artificial CSF into the spinal subarachnoid space (Fig.  1 A) . The CSF pressure was continuously monitored for 8 minutes at flow rates ranging from 2 to 50 times the normal rate of CSF formation. A range of equilibrium pressures (400 to 1100 mm H~O) was achieved with increasing rates and durations of infusion (4.8 to 34 #l/min, 3 to 6 minutes). When such steady-state pressures are plotted as a function of infusion rates, a linear relationship, which can be extrapolated to the normal resting state, is found: a CSF pressure of 100 mm H~O in the rat is associated with a CSF production rate of 2.0 ~l/min (Fig. 1 B) . Thus, intracranial mechanisms compensate for increased CSF pressure in the range of 400 to 1100 mm H~O in association with CSF flow rates of 34 ~l/min or less, and are similar to those that are active and effective during the resting state. When flow rates are increased above 34 #l/min, and the normal compensatory mechanisms for handling increased flow are exceeded, steady-state CSF pressures are no longer achieved (Fig. 1 A) . At 100 #l/min, or 50 times the normal rate of CSF production in this animal, an equivalent of 40% of the total CSF volume is replaced during 1 minute of infusion. However, it is evident from Fig. 1 that rate of infusion and not absolute volume delivered, is critical in determining the range of physiological compensation that exists in the outflow response for maintaining pressure homeostasis.
A quantitative description of the outflow resistance based on the pressure-flow relationship is shown in Fig. 1 C, and has been based on our previously described mathematical model showing comparative relationships between the CSF systems of many mammalian species? -11 Under steady-state conditions, test inflow plus production must equal outflow. Since the plot of steady-state pressure as a function of infusion rate extrapolates to an expected CSF production of 2 ~l/min at 100 mm H20 (Fig. 1 B) , we assume that CSF production decreases with elevated pressures above 400 mm H20. Thus, by a least squares curve fit technique to the data points of Fig. 1 B, we can define an approximate relationship for CSF outflow as a function of pressure. This relationship has the form
where Q is outflow from the CSF compartment, P is CSF pressure, and M and PR are "transport" and "valve-like" parameters of the outflow system. function of pressure. Note also that outflow resistance continues to increase in the rat with progressively smaller increments of pressure, until 344 mm H~O, when the outflow resistance shows a decline with further increases in pressure. This complex behavior, despite quantitative differences, is similar to that obtained in the rabbit, cat, and dog. 3, [8] [9] [10] [11] In the next series of experiments, detailed observations of the efflux dynamics of radiolabeled inulin and polystyrene beads were made during and after a 5-minute intrathecal infusion. An infusion rate of 22 #l/min was arbitrarily chosen for these studies: at that rate, CSF reaches equilibrium pressures of 800 mm H20 within 3 minutes after the onset of infusion, and awake animals show no electroencephalographic (EEG) or behavioral abnormalities. The temporal relationship between the appearance of inulin in the dural sinus and arterial blood during and after infusion is shown in Fig. 2 . During the first 2 minutes of infusion (Phase IA), inulin is not detectable at either sampling site, indicating that it has not yet reached major sites of absorption into the systemic circulation. This is at a time when inulin is presumably highly concentrated around spinal and cranial nerve roots. From 2 l/: minutes to the end of infusion at 5 minutes (Phase IB), inulin is suddenly ejected from the CSF compartment into the venous sinuses draining into the torcular. Thirty seconds later, it becomes detectable in arterial blood in much lower concentrations. The lower concentration of inulin in femoral arterial blood can be attributed to a dilutional effect as effluxing in-ulin is washed into the total blood volume of about 16 ml. During the peak of ejection, inulin in torcular blood is 30 times greater than in arterial samples. Although inulin concentration then declines, it remains persistently higher in torcular samples than in femoral blood samples throughout the remainder of infusion. During the post-infusion period (Phase II), subarachnoid pressure falls rapidly, reaching baseline levels 3 to 4 minutes after the infusion is stopped. Despite this fall of CSF pressures to 100 mm H~O, torcular inulin concentrations remain higher than in the systemic circulation until 7 minutes after the infusion has been discontinued. Hence, clearance of inulin from the subarachnoid space through sites draining to the torcular sinus can be demonstrated at pressures which approach resting levels.
The way in which material of a significantly larger size than inulin is cleared from the subarachnoid space was studied with 0.5 /~m polystyrene beads (Fig. 3) . The pattern of efflux for the beads was similar to that for inulin, in that the concentration of beads in torcular blood was higher than in the systemic circulation at both 5 and 10 minutes after the start of infusion. By 20 minutes, the concentration of beads at both sampiing sites was equal. The rate of particulate efflux was rapid, with 37% of the infused material being cleared by 5 minutes, 70% by 10, and 80% by 20 minutes. The rate of efflux for the beads during the 5-minute infusion period averaged 7.4%/min, a value that is very similar to that for inulin over the period of infusion (6.0%/min). The efflux rates for both substances over the entire period of observation are also very similar; 4.2%/min for inulin and 4.0%/min for the polystyrene beads.
Discussion
The rate of CSF absorption has been clearly shown to be a nonlinear pressure-dependent phenomenon in many mammalian species2 ,8-1~ At low infusion rates, steady-state pressure elevations are associated with normal neurological function; at high infusion rates, rapid linear pressure elevations are associated with decreased cerebrovascular perfusion and impaired neurological function. In most mammalian species, arachnoid villi appear to be the major structures modulating sustained but nonlethal elevations of intracranial pressure by enhancing the species' abilities to vent fluid from the intracranial cavity into the venous circulation. Although it had been presumed that there are no arachnoid villi in the dural venous sinuses of the rat, ~6 recent ultrastructural studies have clearly demonstrated that microscopic arachnoid villi exist within the dural wall of major intracranial venous sinuses. ',5 Moreover, our manometric studies revealed that steady-state pressure could be achieved with infusion of up to 34/zl/min (17 times the normal rate of CSF production) without alteration of EEG patterns or behavior. At such relatively high flows, even large decreases in CSF production can have little J. Neurosurg. / Volume 50 / March, 1979 compensatory effect. Beyond those rates of infusion, equilibrium pressures were not consistently obtained, and EEG patterns began to reflect disturbed cerebral function. Similar manometric studies in the dog show only slightly higher maximal rates of fluid absorption from arachnoid villi, equivalent to 21 times the normal rate of CSF production. 11' 1~
Another measure commonly used to express fluid efflux from the CSF compartment is the inverse of the outflow resistance or outflow conductance. Based on our data for rat and dog, and data from the literature on rabbit s and cat, 15 we have shown that the same pressure-dependent resistance relationship is applicable to all four mammalian species, reaching peak resistance values (Rp) that can be used for interspecies comparisons. The inverse of the peak resistance obtained from Equation 2 specifies the minimum conductance (1/Rp) of the CSF compartment. Thus, 1/Rp becomes an index of the lowest CSF outflow capability of each species. The values for outflow conductance for the rat and dog taken from our previous data 9,1~ are shown in Table 1 , along with the normal rate of production (Qn) for each species. If we normalize both conductance and production with respect to the rat, we note that as production increases, the relative capability to eliminate CSF increases in a parallel fashion (Table 1) . Thus, it appears that the rat is not at a disadvantage with respect to CSF outflow and seems to have an efflux capacity matched to its rate of production. Hence, our manometric infusion studies imply that the rat has outflow mechanisms similar to those described for other mammalian species. Additionally, since the rate of CSF turnover and the structure of the choroid plexus and venous sinuses of the rat are similar to those found in most other mammals, 7 we sought more direct evidence to support our hypothesis that the major route for elimination of CSF in the rat may be identical to that found in other species. Accordingly, sampling sites were established at the aorta and confluence of the dural sinuses, and the appearance of radiolabeled test materials was monitored following their infusion into the spinal subarachnoid space. It is evident (Figs. 2 and 3 ) that under conditions of elevated CSF pressure, inulin and polystyrene beads are rapidly ejected from the CSF system into the dural sinuses and that this precedes their appearance in the arterial circulation. The other important feature of this system is that effluxing materials are cleared rapidly, and primarily by this route under conditions of increased pressure. This would then indicate that the lowest outflow resistance in the CSF system of the rat is at sites within the sinus. Our experiments show that the superior sagittal sinus of the rat is a major route for efflux of CSF under conditions of normal and elevated CSF pressure, and further suggest that if other pathways exist at cranial and spinal nerve roots, they are of minor significance.
Welch and Pollay 1' have studied the movement of particulate material through isolated dural segments from the superior sagittal sinus of the monkey, and found that rigid polystyrene microspheres larger than 6.4 gm did not pass from the CSF to the venous side under pressure, while particles of biological origin (blood cells, bacteria, yeast) as large as 7.5 #m passed with relative ease. In our own study, 0.5 #m particulates were cleared from the CSF by the same route as inulin and at approximately the same rate. Hence, in the rat, as in other species, rapid elimination of high molecular weight substances and particulates from newly formed CSF is achieved by a transport system existing at anatomic sites occupied by arachnoid villi. Under conditions of elevated CSF pressure, fluidborne macromolecular substances are transported over the cerebral convexities and into the major draining venous sinuses. Thus, reabsorptive mechanisms in the CSF system of the rat appear to be similar to those present in other mammalian species and differ only in quantitative capacity.
